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Objective: The objective of this in vitro study is to assess the bond between titanium and various 
ceramic materials as well as the failure load, and fatigue of bonded abutment materials.  
 
Materials and methods:  
Part I: A titanium pin (Grade V Ti alloy, 6.4 mm high, 8.2° taper) was scanned using the Sirona 
Inlab scanner software version SW4.2.5.  
A crown (tooth #19) was designed to fit the pin and machined using four crown materials (Ivoclar 
e.max, Vita Enamic, Vitablocs Mark II, and Sirona inCoris zirconia).  
Pins were held in a CNC machine to reproducibly sandblast each pin at the same speed and 
pressure (100 psi, Prepstar) using 125 micron alumina and then cleaned in an ultrasonic bath.  
The milled crowns were cemented to the pins using three different cements (3M/ESPE RelyX 
Ultimate, Ivoclar Multilink Hybrid, and Kuraray Panavia V5). A load of 1190 grams was placed 
on the crowns to achieve uniform cementation.  
Two cementing techniques were used for each cement, one with no treatment (no primer/no etch) 
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and the other with treatment as recommended by the manufacturer (primer/etch). Design of 
Experiment (DOE) was used to determine the testing sequence and the specimen number.  
A pull out test was applied to all specimens using a universal mechanical testing machine (Instron 
5566A) at a crosshead speed of 1mm/min. Load at failure was recorded for each specimen. Data 
were analyzed by factorial regression model using JMP Pro 13.  
Part II: In the second part of the study TiBases were cemented to the crowns using two cement 
combinations (RelyX Ultimate with no treatment, and Multilink Hybrid with treatment) based on 
the results from part I. 
After cementation specimens were subjected to cyclic loading by pneumatic powered cylinder with 
an electronic control device (Pober Industries, Waban MA). The load applied on each specimen 
was 500 N (maximum compressive force) for 200,000 cycles. A pull out test was applied on all 
specimens. 
Results:  
§ Overall retention load values were lowest for zirconia and highest for e.max and Enamic.  
§ The retention strength was significantly higher with treatment (etch/ primer) than no 
treatment 
§  For RelyX cementation, no primer/etch produced significantly higher retention.  
§  Maximized desirability of retention load is for Enamic cemented with Multilink hybrid 
with primer/etch, although there is no statistically significant difference between the values 
for Enamic and e.max with Multilink hybrid cement primer/etch.    
§ After cyclic fatigue, cement residue could be affected by cement used (multilink-treatment 
or RelyX- no treatment).  




Overall retention values were lowest for zirconia and highest for e.max and Enamic.  
In general, primer/etch technique produced significantly higher values than no primer/etch.  
For RelyX cementation, no primer/etch produced significantly higher retention.  
Maximized desirability of retention load is for Enamic cemented with Multilink hybrid with 
primer/etch, although there is no statistically significant difference between the values for Enamic 
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Chapter 1. INTRODUCTION 
A dental implant, which can be defined as an inert, biocompatible, alloplastic material inserted in 
the human jaw, is a predictable treatment option to restore missing teeth or orofacial structures.1 
To restore the lost elements, a dental implant must be connected with an abutment for which the 
prosthetic part is designed and manufactured.2 Due to its good mechanical properties and 
biocompatibility, titanium has been used as an abutment material for many years. The purpose of 
the recently introduced abutments, such as a titanium base, is to make the implant-abutment 
connection more durable.3 In addition, this design helps eliminate deep submucosal abutment 
shoulders and avoids excess cement, which may lead to inflammatory reactions of the gingival 
tissue and adjacent marginal bone loss.4  
Computer-assisted design/ Computer-aided manufacturing (CAD/CAM) techniques may provide 
more accurate superstructures than those fabricated on conventionally produced casts.3 In the 
present study, we took advantage of CAD/CAM chairside technology. All crowns were milled and 
cemented onto standard implant abutments that were then screwed to the inserted implant.   
Composite resin luting agents are considered more suitable than conventional cements for 
attaching the ceramic crowns to the titanium insert due to their high resistance to failure compared 
to conventional cements, their low solubility, their high compressive strength, their resistance to 
tensile fatigue that increases the fracture resistance of ceramics, and their color options, which 
make it the luting choice for aesthetic restorations.5 Nevertheless, there are almost no studies on 
the potential success of cementing titanium (TiBase) to ceramic crowns. Moreover, there is no 
clear evidence in the dental literature that indicates whether any of these cements is superior to the 
others in term of the cementation strength of ceramics attached to titanium substructures. 
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1.1 LITERATURE REVIEW 
1.1.1 Titanium and TiBase  
In 1970, titanium was introduced in the dental field as a casting material for prostheses. Currently, 
it is used for the fabrication of fixed prosthetic frameworks, removable prosthetic bases, and 
implants.6 Titanium is used extensively in many dental applications because of its high strength, 
rigidity, low density and weight, resistance to corrosion, and biocompatibility.7 The melting 
temperature of titanium is 1680 °C. However, in ambient temperature, metallic titanium has a 
hexagonal and close-packed crystal lattice, which is known as α-phase. At 883 °C, titanium’s 
structure changes into β-phase, which is a body-centered cubic form.8 Mechanical and physical 
properties of titanium are comparable to noble alloys used in dentistry.6,7,8 Titanium is a very 
reactive metal and can form a surface oxide layer. Although this oxide layer leads to a significant 
reduction of titanium ductility, it is a highly biocompatible and corrosion-resistant surface. In 
addition, this oxide layer facilitates the bonding of fused porcelain to titanium.7  
Recently introduced abutments, such as titanium alloy, have been designed to be CAD/CAM 
friendly and to allow rapid fabrication of prostheses with maximal fit. In essence, TiBase 
abutments are prefabricated abutments with a hybrid of cemented and screwed fixation in the same 
prostheses, where the implant-abutment connection is used with the precision as delivered from 
the manufacturer.9 
In this study, prefabricated titanium abutments were used: Sirona TiBase NB A4.5L (Ti6Al4V, 
medical grade 5, ASTM 136). This type of prosthesis requires the construction of a ceramic crown 
with an integrated preformed hole that allows access to the implant-abutment fixing screw. 
Moreover, the prosthesis can be removed and finished after chairside passive cementation and 
before final fixation with a screw. As such, this procedure allows for better removal of the cement 
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from the margins of the abutment and better control of polishing at the abutment-crown-cement 
double interface.2  
1.1.2 Ceramic CAD/CAM Materials  
CAD/CAM materials are increasingly used as implant-supported temporary or long-term 
therapeutic restorations for the pretreatment of complex clinical cases involving the adjustment of 
the occlusal plane.4  
In the present study, the following CAD/CAM materials were used: Lithium disilicate (IPS e.max 
CAD), polymer-infiltered ceramic (Vita Enamic), feldspathic ceramic (Vita MarkII), and 
zirconium oxide ceramic (inCoris zirconia).  
IPS e.max CAD is classified as glass-ceramic. Glass-ceramics are “composite-type materials in 
which the glassy phase acts as the matrix and the ceramic as the reinforcing filler.”2 IPS e.max 
CAD initially exists in an un-crystallized phase (blue state) that contains metasilicate and lithium 
disilicate nuclei and shows a flexural strength of 130 MPa. After being crystallized at a specific 
temperature, the metasilicate is dissolved; lithium silicate then crystallizes, and the ceramic is 
glazed at the same time. After this heat treatment, their flexural strength increases to 350–450 
MPa.2 
IPS e.max CAD blocks are partially crystallized; after milling the block, the crystallization process 
takes place over approximately 25 minutes by firing the material to 840 oC (1544 oF). The final 
crystallization of the material consists of approximately 70% fine-grain lithium disilicate crystals 
(Li2Si2O5) with a size between 2.0–3.0 µm embedded in a glassy matrix. 
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Vita Enamic is classified as an interpenetrated biphasic material and consists of two interlocking 
phases: a porous sintered feldspathic ceramic and an infiltrating polymer.10 The ceramic part is 86 
wt% / 75 vol% and the polymer part is 14 wt% / 25 vol%. In this material, ceramic particles are 
partially sintered and interpenetrated with low-viscosity polymer by a pressing process that uses 
capillary action. The infiltrated ceramic shows higher flexure strength than the fully sintered 
ceramic and polymer components. This material shows crack bridging caused by its ductile 
polymer property that improves its strength and toughness.11 Flexure strength is about 150 MPa. 
Vita Mark II is classified as a feldspathic ceramic and is fabricated using fine-grain powders that 
produce a “nearly pore-free ceramic with fine crystal.”12 This material is made of conventional 
feldspathic ceramic but is fabricated using extrusion molding:  “A plasticized ceramic mixture is 
pressed and extruded through a nozzle to give its form.”13 Its flexure strength is about 160 MPa 
when glazed.13 Its composition by weight is as follows: 56%–64% SiO2, 20%–23% Al2O3, 6–9 
Na2O, and 6–8 K2O.  
The next material, inCoris Zirconia, is classified as a zirconium oxide ceramic. Zirconia is 
polymorphic ceramic and has three crystallographic forms: monoclinic (M) from room 
temperature to 1170 °C, tetragonal (T) from 1170 °C to 2370 °C, and cubic from 2370 °C to 
melting temperature. This material has a high fracture toughness of 9–10 MPa m-1 and a high 
flexure strength of 900–1200 MPa.13  
Yttrium-stabilized zirconia has better mechanical properties than other combinations; although its 
sintering is much more difficult, it has become the principal kind of zirconia considered for current 
medical use.14
 
The 3 mol% yttria-stabilized zirconia (3Y-TZP) exhibits a very important feature 
related to the polymorphic transformation for the monoclinic phase when a mechanical stress is 
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applied. This phenomenon, known as transformation toughening, can prevent crack growth, 
resulting in a material with high toughness and mechanical strength.14
 
At a crack tip, the matrix 
constraint on the tetragonal particles of 3Y-TZP is reduced by tensile stresses so that a 
transformation to the monoclinic structure takes place. This transformation produces a local 4.6% 
increase in volume, which results in compressive stresses within the matrix, thereby increasing the 
energy necessary for further crack growth.15, 16
 
 
3Y-TZP is available in dentistry for the fabrication of custom abutments and fixed partial dentures. 
Zirconia prostheses cannot be manufactured by dental technicians using traditional powder/liquid 
techniques. Restorations have to be milled from prefabricated blocks using CAM.17  
1.1.3 Titanium Bonding to Ceramics  
The dental literature has been consistent in its findings regarding factors that help to improve the 
fusion of porcelain to titanium. Studies have indicated that greater improvement in the bond 
strength between titanium and ceramic can be achieved by a combined titanium surface treatment 
that includes both airborne-particle abrasion and a bonding agent. On the other hand, unmodified 
titanium surfaces showed weaker titanium-ceramic bond strength.18, 19  
Sandblasting has been found to be an effective technique to remove metal oxide, to remove debris, 
and to improve bonding through creating micromechanical retention. Golebiowski et al. stated that 
the highest strength of a titanium-ceramic bond was achieved for an Al2O3 particle size of 110 
mm and a pressure of 0.4 MPa. In this study, 125 micron alumina particles were used to sandblast 
titanium.20  
1.1.4 Resin Cements  
The introduction of resin cement to the dental field in the 1950s has changed the principles of 
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applied dentistry. Before resin cements, the duration and longevity of cemented restorations 
depended on the geometry of the preparation, including resistance and retention principles. Resin 
cements expanded the selection of restorative material beyond considerations of geometric 
principles. Thus, resin cements opened a new dimension of treatment possibilities for a wide range 
of clinical situations.21  
Resin cement consists of three phases that are structurally different: organic phase (resin matrix), 
inorganic phase (filler), and inter phase (bonding between resin matrix and fillers).22 The ratio of 
glass or silica particles (filler) varies between 20%–80%. The inorganic fillers (silica particles) 
strengthen the mechanical properties of the cement and make it more resistant to compressive and 
tensile forces. Besides the quality and quantity of varying polymer and inorganic materials inside 
resin cement, the physical properties of said cement are also related to the level of the resin 
curing.21, 22 Resin cements are produced in different shades and opacities, which helps to widen 
their use based on the clinical situation. There are three mechanisms of resin cement curing: 
chemical, visible light, and both chemical and light (dual cure). Currently, most of the resin 
cements available on the market are dual cure. Dual-cure resin cements may be supplied in two 
pastes and contain both a light-polymerization starter (camphorquinone) and chemical activator 
components (peroxytamine).21, 22  
The most important factor affecting the success of resin cements is its bond strength. Bond strength 
in turn is affected by pre-treatment procedures, the depth of cure and degree of polymerization of 
the resin cement, and any incompatibilities between the adhesive resin and the resin cement. 
Factors that may affect polymerization include cement film thickness, opacity, translucency of 
both the cement and the restoration, and the shade of the restoration.23 Understanding how all these 
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factors are interrelated will minimize errors and enhance the longevity of bonded indirect 
restorations.  
To avoid adverse interactions between the adhesive system and the dual-cured cement, three-step 
etch-prime-bond systems or two-step self-etch systems are recommended. The application of a 
separate layer of pure hydrophobic bonding resin forms a barrier between the adhesive’s oxygen- 
inhibited layer and the amine of the resin cement. Some resin cements come with a dual-cured 
activator, which acts as a barrier between the acidic monomer and tertiary amine to prevent 
incompatibilities. Incompatibilities can also be avoided by using self-adhesive resin cements 
instead, as they do not require that the tooth be treated first with adhesives prior to cementation.24 
As a rule, luting cements should exhibit low film thickness. A low cement-film thickness improves 
seating of the restoration and decreases marginal discrepancies, which in turn helps to reduce 
plaque accumulation, periodontal disease, cement dissolution, and eventual secondary caries 
formation.23 
The bonding of resin cement to a glassy matrix is achieved through micromechanical interlocking. 
This can be achieved via acid etching with hydrofluoric acid or airborne-particle abrasion with 
aluminum oxide particles, which removes the glassy matrix selectively and exposes the crystalline 
structure while it bonds chemically to etched and silane-treated porcelain.25 The silane causes the 
ceramic to chemically adhere to the resin cement through covalent and hydrogen bonds. Silanating 
the internal surface of indirect composite restorations ensures that the fillers of the composite react 
and adhere to the resin cement.23 	 
The positive impact of using such materials is well established in the literature.26 The combined 
use of initiators and silane in the acidic environment of a phosphate functional monomer 10-
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methacryloyloxydecyl dihydrogen phosphate (MDP) enhances bond strength of a resin-based 
luting agent to ceramic materials. The strong bond likely results from activation of silane in MDP, 
which is caused by a pH decrease in the priming/bonding agent. Furthermore, the chemical bond 
of silane to silica through a siloxane network is accelerated by acidic functional monomers.27   
The primer contains MDP, a type of acid phosphate monomer originally developed to increase the 
bond strength between metal and resin-based luting agents, and which is now used to bond to 
zirconia prostheses.28  
The MDP molecule contains a phosphate ester group, which chemically bonds to metal oxides, 
and a methacrylate group, which bonds to the resin matrix of the resin cement.26 It forms 
phosphorus-oxygen-zirconium bonds with zirconia.28  
Resin cements are indicated for the cementation of full ceramic crowns and restorations. They are 
also indicated in preparations that have no optimal retention and resistance forms.22 Advantages 
of resin cements include high resistance to failure compared to conventional cements, less 
solubility in oral environment, high compressive strength, resistance to tensile fatigue, increased 
fracture resistance of ceramic materials that are etched and silanated, and color options. Compared 
to conventional cements, resin cements require more sensitive techniques and are more expensive. 
Cementation should be performed in a dry field without any blood and saliva contaminations.22   
In this study, the retention strengths of three adhesive resin cements were tested: RelyX Ultimate 
(3M/ESPE, Maplewood, MN), Multilink Hybrid Abutment (Ivoclar Vivadent, Schaan, 
Liechtenstein), and PanaviaV5 (Kuraray, Maiden Lane, NY). MDP-containing primers were used 
with each resin cement, Scotchbond Universal adhesive with RelyX Ultimate cement, 
Monobond Plus with Multilink Hybrid Abutment cement, and Clearfil Plus primer with 
PanaviaV5 cement.  
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1.1.4.1 RelyX Ultimate  
RelyX Ultimate cement is a dual-cure adhesive resin cement that is used for cementation of indirect 
restorations. It is used for permanent cementation of different forms of ceramic restorations, 
composite restorations, and metal-to-implant abutments. The chemical reaction of RelyX Ultimate 
to ceramic-based materials occurs through the acid-base reaction of two phosphate groups in the 
acidic methacrylate monomer and hydroxyl groups in the ceramic surface and/or inorganic 
fillers.29 RelyX Ultimate shows less shrinkage during setting than conventional resin cement, 
which undergoes free radical polymerization. Lower contraction stress results in lower interfacial 
stress, which is thought to be a source of failure in bonded surfaces.29  
The setting reaction of RelyX Ultimate can be initiated with either light or chemical reaction. The 
main setting reaction is that of a radical polymerization where single-monomer molecules are 
chemically crossed linked to form a three-dimensional polymer network.  
Scotchbond Universal adhesive primer was used with RelyX Ultimate. This primer contains 
Vitrebond Copolymer, which is a resin-modified glass ionomer that can provide consistent bond 
performance to dentin under varying moisture levels. It forms a strong bond to dentin, sealing the 
tooth to reduce the incidence of microleakage, which helps reduce post-operative sensitivity. The 
primer also contains MDP, which provides self-etching properties, and silane to chemically bond 
to glass ceramic surfaces as explained above.30 The film thickness is 12 µm and the modulus of 
elasticity is 7.7 GPa.  
1.1.4.2 Panavia V5  
Panavia V5 is an adhesive resin cement that is indicated for almost all types of prostheses and 
clinical cases. The silane-coupling agent and phosphate monomer (MDP) it contains make it 
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suitable for the pretreatment of porcelain, silica-based ceramic, composite resin, hybrid ceramics, 
zirconia/alumina, and metal. It can also be used for the pretreatment of titanium implant abutments.  
Clearfil Ceramic Primer Plus is a primer used to condition the bonded surfaces and consists of 3-
trimethoxysilylpropyl methacrylate, MDP, and ethanol.30 The film thickness is 12 µm and the 
modulus of elasticity is 6.3 GPa. 
1.1.4.3 Multilink Hybrid Abutment 
Multilink Hybrid Abutment is a self-curing luting composite for the permanent cementation of 
ceramic structures, such as lithium disilicate or zirconium oxide (ZrO2), to titanium/titanium alloy 
bases in the fabrication of hybrid abutment crowns.31 The bonding mechanism in this type of 
cement involves the formation of a hybrid layer, which is claimed to enhance bonding strength.  
Monobond Plus, the universal primer conditions the TiBase and the ceramic structure and prepares 
both for the cementation with Multilink Hybrid Abutment.  
Monobond Plus is a universal primer that promotes an adhesive bond between luting composites 
(Multilink Hybrid) and all indirect restorative materials (glass and oxide ceramics, metal, 
composites, fiber-reinforced composites) by the MDP-containing bonding/silane coupling agent 
mixtures. This  primer consists of an alcohol solution of silane methacrylate, phosphoric acid 
methacrylate (MDP) and sulphide methacrylate. The film thickness is < 50 µm and the modulus 
of  elasticity is 6000 ± 400 MPa. 
  
1.1.5 Pullout Test 
A shear test is a type of material testing defined as a method of separating two bonded material 
surfaces by sliding the mating faces over each other through either a compression or tension force. 
This test is used to assess shear strength where the adhesive film will yield upon shearing of the 
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two material surfaces. In this type of biomedical testing, the force is applied at a controlled rate 
and parallel to the material surfaces under test. Shear tests help to provide important information 
about mechanical properties and the behavior of the adhesive film under shear stress. This test can 
be used with many materials, including plastics, composites, and cements.32 
A pullout test involves a specimen being subjected to controlled and gradually increasing uniaxial 
tension until failure occurs. A more clinical method of testing the retention capability of dental 
cement is the crown-retention test design, where crowns are cemented under a defined load and 
pulled off in an axial direction after the cement has set.33  
 
1.2 Importance of the Study 
Few studies have evaluated the retention of bonded ceramic crowns to titanium abutments (TiBase) 
with different adhesive luting resins. Therefore, in the present study, three different adhesive resin 
cements (RelyX Ultimate, Multilink hybrid Abutment, and Panavia V5) were used to bond four 
different ceramic crowns (e.max, Enamic, Zirconia and MarkII) to titanium (TiBase).  The results 
may help clinicians in their decision-making when using resin cements with implant titanium 
abutments. 
 
1.3 Objectives of the Study 
The objective of this in vitro study is to assess the bond between titanium and various ceramic 
materials, and the failure load and fatigue of bonded abutment materials.  
Aim 1: Measure the bond strength between various ceramics, composite resin cements, and 
titanium with and without recommended bonding agents. 
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Aim 2: Measure the static and cyclic failure load of two ceramic materials bonded to titanium 
(Sirona TiBase) using ceramics, cements, and bonding agents selected based on results from Aim 
1. 
1.4 Null Hypothesis (H0) 
H0: There is no significant difference in bond strength between various ceramics, composite resin 
cements, and titanium.   
H0: There is no significant difference in static and cyclic failure loads of ceramic crowns bonded 










Three adhesive resin cements used: 
1. RelyX Ultimate (3M/ESPE, Maplewood, MN) 
2. Ivoclar Multilink Hybrid Abutment 
3. Kuraray Panavia V5 
Table 1 Cement composition provided by manufacturer 
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Table 2. Primer composition provided by manufacturer 




Scotchbond Universal  
 
Methacrylated phosphoric acid (10-
methacryloyloxydecyl dihydrogen phosphate 
monomer), dimethacrylate resins, 2-
hydroxyethylmethacrylate, ethanol, water, silane- 
treated silica, 2-propenoic acid, copolymer of 
acrylic and itaconic acids, initiators, silane  
 
3 M ESPE  
 
Monobond Plus  
 
Ethanol, 3-(trimethoxysilyl) propyl methacrylate, 
methacrylated phosphoric acid ester 
Ivoclar Vivadent  
 
Clearfil plus Ethanol, MDP Methacrylated phosphoric acid, 








Both  25%–75% cement on titanium Pin 
Most on crown <25% cement on titanium pin 
Crown Clear pin 
Dislodge No complete separation between pin and crown 
 
2.1.7 Data Analysis  
The statistical data analysis was performed using JMP Pro 13 (SAS, Cary, NC). The failure load 
values were analyzed and compared by a factorial linear regression model and a one-way ANOVA 
post-hoc Tukey test with a significance level of 0.05. The crown failure mode and cement residue 
were analyzed and compared by logistical regression and contingency fit with a Pearson test. 
 
 
2.2 Part II: Retention to TiBase 
In the second part of the study, TiBases were cemented to the crowns using two cement 
combinations (RelyX Ultimate with no treatment, and Multilink Hybrid with treatment) based on 
the results from Part I. 
2.2.1 Materials 
TiBase (TiBase NB A 4.5 L, Sirona Dental Systems GmbH, Bensheim, Germany). 
Two ceramic materials were used to fabricate the crowns: 
 1. Ivoclar e.max 
2. VITA Enamic 
Two cement combinations were used: 
1. 3M/ESPE RelyX Ultimate with no treatment 
2. Ivoclar Multilink Hybrid with treatment (etch/primer) 
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2.2.2 Specimen Preparations 
All TiBases used in this part of the study were held in a CNC machine and reproducibly 
sandblasted at the same speed and pressure (100 psi, Prepstar) using 125-micron alumina, then 
placed in an ultrasonic cleaning bath for 10 minutes and washed for 5 minutes using deionized 
water. 
The two crown materials used in this part (Ivoclar e.max, and Vita Enamic) were machined using 
a Sirona milling machine, MCXL. After Ivoclar e.max was milled, all crowns were crystalized 
using Ivoclar Vivadent ceramic furnace Programat CS for approximately 31 mins by firing the 
material to 840 oC (Fig. 8).  
 
Figure 8 Firing protocol 
 
2.2.3 Cementation Procedures 
The milled crowns were cemented to the TiBases using two cement combinations: 3M/ESPE 
RelyX Ultimate with no treatment (no primer/no etch), and Ivoclar Multilink Hybrid with 
treatment (primer/etch).  
The manufacturer’s cementation protocol for each type of cement was used for the cementation 
process, with the exception of the primer/etch with RelyX. A load of 1190 grams was placed on 




Pin 90-100% cement on TiBase 
Most on Pin  75-90% cement on TiBase 
Both  25-75% cement on TiBase 
Most on crown <25% cement on TiBase 
Crown Clear TiBase 






















                      Figure 11 The plot of cement gap by location 
3.1.1.2 Effect of Crown Material and Location on the Cement Gap 
In the pooled data, there was no statistically significant difference among all four types of crown 
material in cement space (p-value = 0.996), although Zirconia showed the highest mean values, 
followed by MarkII, e.max, and Enamic (Fig. 12). 
 
 


































Chapter 4. DISCUSSION 
4.1 Part I 
4.1.1 Retention to Titanium Pins 
Retention, as defined by the glossary of prosthodontic terms, is the “quality inherent in the dental 
prosthesis acting to resist the forces of dislodgment along the path of placement.”34  
The most important factor affecting the success of resin cements is their bond strength. Bond 
strength in turn is affected by pre-treatment procedures, post-treatment (fatigue, thermal cycling, 
ageing), the chemical composition of the resin cement, incompatibilities between the adhesive 
resin and the resin cement, thickness of the resin cement, materials to be bonded, and cement 
viscosity and flowability.23 
The main goal of this study was to verify the pullout retention strength of three different adhesive 
resin cements between titanium (TiBase) and different ceramic crown materials. 
The rationale behind the use of TiBase abutments is mainly the ease of milling a variety of 
available CAD/CAM materials. These abutments provide a hybrid concept of cemented and 
screwed fixation in the same prosthesis and are increasing in use. However, information on the 
influence of the effect of crown materials and cement types on retention is scarce.9  
The use of a digital workflow for prosthesis fabrication onto TiBase abutments presents challenges 
that warrant further investigation. The milling strategies of different prosthesis materials vary and 
may produce discrepancies in cementation space, which eventually influence final crown 
retention.9  
As the luting space can be preset in CAD software, the dentist and technician must know the space 
to be used because it in part determines stress distribution within the implant restoration.5 In the 
present study, the thickness of the cement space was measured before cementation using an optical 
 61 
microscope. The results of this study showed that various locations on the crown had significantly 
different cement space. The highest mean value recorded was at the occlusal of all four materials, 
which was 200 µm, followed by the mesial body (80 µm), distal body (60 µm), mesial margin (27 
µm), and distal margin (26 µm). On the other hand, crown material did not show a significant 
effect on cement gap. Enamic showed the lowest mean value, and zirconia showed the highest 
mean value in cement space. This could be because Enamic composition is 75% ceramic, which 
makes milling with minimal gap easy and precise. On the other hand, zirconia had the highest 
cement gap because it is milled from a block partially sintered to become dense, and this can lead 
to 15%–30% linear shrinkage of the restoration. This amount of shrinkage and anisotropic 
shrinkage could compromise the fit of the final restoration, and for this reason a dimensional 
compensation and adjustment in CAD/CAM must be considered.35 
Previous studies have evaluated the pullout retention values for metal abutments with different 
cements and demonstrated that the cement type influences the retention level of the prosthesis.9 
The results of this in vitro study led us to reject the first null hypothesis: that there is no significant 
difference in retention strength between various ceramics, composite resin cements, and titanium. 
The results showed that Multilink Hybrid has the highest retention strength, followed by 
PanaviaV5 and RelyX Ultimate with no significant difference. The retention strength means were 
865.4 N, 779.3 N, and 748.8 N, respectively. Sellers et al. tested retention force using a pullout 
test of lithium disilicate crowns (IPS e.max CAD) cemented to zirconia abutment replicas with six 
cements, two of which were adhesive resin cements (Panavia 21 [P21] and Multilink Hybrid 
abutment [MHA]) and one of which was a self-adhesive cement (RelyX Unicem 2 [RXU]). The 
results showed the retention strengths after 24-hour storage as follows: P21 > MHA = RXU, with 
the highest mean retention strength being 3.1 MPa.34 The difference between this study and our 
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own is most probably due to differences in experiment design: they used zirconia as the abutment 
whereas we used titanium.  
In this study, retention strength was significantly higher when treatment (etch/primer) was used 
with resin cements than with no treatment. The increased retention strength may be due to the 
effect of the phosphate ester group MDP present in the primer of the three adhesive cements used 
in this study.  
The findings of this study correspond with the finding of another study, which stated that the bond 
strengths between a lithium disilicate ceramic material or quartz material and a resin-based luting 
agent were enhanced by the combination of silane and phosphate functional monomers.27  
Regarding crown material, the retention strength for Enamic and e.max was significantly higher 
than MarkII and zirconia. Zirconia showed the lowest retention strength compared to all other 
materials, which could be due to the lack of micro-retentive means, which were created in other 
silicate-based ceramic materials by the use of hydrofluoric acid etching. Rohr et al. stated that 
bonding to silicate ceramics by etching with hydrofluoric acid leading to an increase in surface 
area is considered standard procedure in dentistry. Establishing a micro-retentive structure on 
zirconia is difficult because of its resistance to hydrofluoric acid.33 When the effect of treatment 
(etch/primer) and crown material was combined, the retention strength was significantly higher 
for both MarkII and Zirconia.  
The analysis of the results showed that RelyX Ultimate has significantly higher retention with 
Enamic than other materials with no treatment. RelyX Ultimate resin cement contains phosphate 
methacrylate, a compound similar to 10-MDP, and which  has acidic properties that can bond 
chemically with Enamic and improve the mechanical bond by removing some of the glass matrix 
selectively and exposes the crystalline structure.  
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On the other hand, when Scotchbond Universal adhesive  was used with RelyX Ultimate,  retention 
was less. This could be because of the presence of Vitrebond Copolymer, which is a resin-modified 
glass ionomer that lowers the concentration of MDP in the adhesive. This coincides with 
information found in the literature.36 Scotchbond Universal Adhesive contains polyalkenoic 
copolymer, which competes with the MDP functional monomer for calcium bonding sites in 
hydroxyapatite. Thus, not only can it disrupt the bonding of MDP to dentin, but its high molecular 
weight can prevent the approach of MDP monomers during polymerization and consequently 
decrease the degree of conversion. Presence of this copolymer also reduces the total concentration 
of MDP in Scotchbond Universal Adhesive. 
On the other hand, Multilink Hybrid cement’s retention strength with e.max was significantly 
higher than MarkII and zirconia. Monobond Plus contains a silane, allowing chemical bonding to 
the lithium disilicate ceramic surface	and resulting in a stable resin bond. A similar mechanism 
also works in the system of PanaviaV5 and its ceramic primer. Therefore, Multilink Hybrid and 
PanaviaV5 showed substantially higher retention strength with treatment than with no treatment. 
In the present study, Multilink Hybrid cement has the highest retention strength mean using 
etch/primer with e.max material compared to all other groups, followed by RelyX Ultimate cement 
with no treatment and Enamic material. It was interesting to note that the use of adhesive resin 
cement without the application of acid/primer can lead to high retention strength, which could be 
because of the composition of the resin cement itself. This finding could help minimize working 
time for clinicians. For this reason, in the second part of this study, these two groups (Multilink-
treatment and RelyX-no treatment) were compared and further analyzed. 
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The chemical reaction of RelyX cement to ceramic-based materials occurs through the acid-base 
reaction of two phosphate groups in the acidic methacrylate monomer and hydroxyl groups in the 
ceramic surface and/or inorganic fillers.  
Although the maximum desirability (high value) was set using the established linear regression 
model. From the regression results, the maximum desirability can be calculated, giving the 
optimized effects. The retention strength for the whole model, considering the interaction of all 
factors (cement type, treatment, and crown material), was Multilink Hybrid cement using 
etch/primer with Enamic. There was no statistically significant difference between the values for 
Enamic and e.max with multilink etch/primer.  
In this study, Enamic showed high retention strength; this could be explained by the chemical 
composition of the material. Enamic consists of two interlocking phases: a porous sintered 
feldspathic ceramic 75% and an infiltrating polymer 25%.10 After exposure to HF acid, the 
selective dissolution of glassy content provides micromechanical retention for bonding.29  
4.1.2 Failure mode 
Failure mode was categorized as a crown fracture or as no crown fracture after the pullout test. 
RelyX Ultimate cement showed more crown fractures than Multilink Hybrid and Panavia V5. 
Zirconia and e.max did not show any crown fractures. On the other hand, MarkII and Enamic 
crowns showed 44.4% and 77.8% crown-fracture rates, respectively. This is because the bond 
strength is stronger than the material. 
There was fewer crown fractures in the no-treatment groups than in the treatment (etch/primer) 
groups. There is a correlation between retention strength and crown fracture. Higher retention 
showed more crown fracture. This may be because of the etchable ceramic and silane-treated 
surface mentioned earlier and the phosphate monomer MDP contained in all three adhesive 
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cements used in this study. These same observations were made in another study: Crown fractures 
coincide with higher retentive strengths of resin cements. High strength materials like zirconia and 
e.max does not show any crown fracture. Zirconia has a high flexure strength of 900–1200 MPa.13  
4.1.3 Cement Residue 
It was observed in this study that, for Enamic, the majority of cement residue was found on the 
crown after testing. This explained the high cement retention strength seen in Enamic crowns and 
the additional crown fractures. On the other hand, the majority of the cement residue found on 
zirconia crowns was on the titanium pin, which explained their lower retention strengths. 
For RelyX Ultimate, most of cement residue was found on the titanium pin, which indicated the 
lower bond strength between the cement and the ceramic crown materials, leading to the cement 
more frequently sticking to the pin’s sandblasted surface. For Multilink Hybrid, most of the cement 
residue was on the crown due to the strong bond between the cement and the ceramic material. All 
of the cement residue was on the titanium pin for the e.max and zirconia crowns, which is 
associated with lower retention to the crown materials   
It was observed that the use of treatment (etch/primer) leads to more cement on the crowns. This 
was especially the case with e.max and MarkII crowns, meaning the use of primer improves the 
retention of both materials.  
Additionally, a correlation was observed between retention strength and crown cement residue. 
The analysis of these results showed that as retention increased, more cement was seen on the 
crown surfaces. Mean retention was 1036.8 N for cement retained on crowns and 662.2 N for 
cement retained on titanium pins. 
In addition, a correlation was observed between failure mode and cement residue. More crown 
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fracture was seen with cement on the crown surface due to high bond retention strength.  
4.2 Part II 
4.2.1 Retention to Titanium Base (TiBase) 
After Part I’s results, retention strength for two cement combinations (Multilink Hybrid with 
treatment and RelyX Ultimate with no treatment) were tested between TiBase and two crown 
materials (e.max and Enamic) with static and 200k fatigue cycles using the pullout test. 
Cyclic loading is one of the commonly used methods to artificially accelerate ageing of dental 
materials.30 The cyclic fatigue loading tests aim to evaluate the mechanical durability of the dental 
restorations before clinical trials in order to avoid costs in case of failure. Therefore, in this study, 
the failure load was evaluated before and after cyclic fatigue in a wet environment to mimic the 
oral cavity. In the present study, the null hypothesis that there is no significant difference in 
retention strength of resin cements after static and cyclic failure loads of ceramic crowns bonded 
to titanium intermediate elements (TiBase) was rejected. 
Our results showed that the retention strength for Multilink Hybrid 811 N was higher than RelyX 
Ultimate with a mean value of 550 N in static load. In this part of the study, the use of Multilink 
Hybrid cement was combined with primer (Monobond Plus) containing MDP, which can improve 
retention strength. Passia et al. found that Monobond Plus and Multilink Automix showed the 
highest tensile bond strength (TBS) when e.max CAD cylinders were bonded to composite 
(median: 38.5 MPa).25  
Gehrke et al. concluded that the use of resin-based luting agents in combination with air abrasion 
of the bonding surfaces of titanium inserts and zirconia copings led to sufficient and stable 
retention of two-piece CAD/CAM abutments.37 In addition, Rohr et al. concluded that etching and 
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primer application should be performed to achieve sufficient bond strength for conventional 
adhesive and self-adhesive cements.38 
In the present study, retention strength was lower for both cements after cyclic fatigue. This could 
be due to the fact that resin cements can absorb water although they are insoluble to oral fluids. 
When resin cements absorb water, their flexural strength is decreased. The thicker the cement, the 
greater the decrease in flexural strength (plasticizing effect), which makes the cement unable to 
dissipate stresses from masticatory function between tooth and restoration.23 This may result in 
eventual fracture of the ceramic. It is thus important that resin cement layers be kept to a thin layer 
and a good fit margin to minimize plasticizing.  
4.2.2. Failure mode 
Although a static fracture test is important to initially evaluate the failure resistance of restorative 
dental materials, cyclic loading is more clinically relevant. 
In this part of the study, failure mode was evaluated in static and cyclic load. 
Results showed more crown fractures with Multilink Hybrid with treatment than RelyX Ultimate 
with no treatment. This finding is consistent with the retention-strength results. 
Enamic showed significantly higher crown fractures than did e.max. This could be due to the 
microstructure of the materials. Enamic consists of two interlocking phases: a porous sintered 
feldspathic ceramic (75%) and an infiltrating polymer (25%).10 After exposure to HF acid, the 
selective dissolution of glassy content provides micromechanical retention for bonding.29 Enamic 
had higher retention to cement. Thus, when the stress in the crown exceeds the flexural strength, 
the material fractures before cement debonding.  
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4.2.3. Cement residue 
The results of the present study showed that, with Multilink Hybrid, cement residue was found 
primarily on crowns and, with RelyX Ultimate, primarily on TiBase. 
For static fatigue, cement residue was found primarily on crowns whereas for cyclic load, it was 
found primarily on TiBase. These observations are in accord with high retention strength.   
4.3 Study Limitations 
The limitations of this in vitro study, which may not completely simulate in vivo performance, 
need consideration. 
Only three types of adhesive cements were tested in this study. Other available resin cements can 
have different bonding properties and should be evaluated in future studies. 
Fractographic analysis was not applied in this study; propagation of fracture and origin of fractures 
were not specifically observed and evaluated for further understanding and explanations. 
Given the variety of available luting agents, crown materials, abutment designs, and milling 
parameters, continued effort is needed to create an optimal protocol for cementation of TiBase 




Chapter 5. CONCLUSIONS 
- Overall retention load values were lowest for zirconia and highest for e.max and Enamic.  
- In general, the primer/etch technique produced significantly higher values than no primer/etch. 
- For RelyX cementation, no primer/etch produced significantly higher retention.  
- Enamic cemented with Multilink Hybrid with primer/etch showed maximum desirability of 
retention load, although there is no statistically significant difference between the values for 
Enamic and e.max with Multilink Hybrid cement primer/etch.    
- After cyclic fatigue, cement residue could be affected by the cement used (Multilink-treatment 
or RelyX-no treatment).  
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